Abstract-Three-dimensional kinematic analysis provides quantitative assessment of upper limb motion and is used as an outcome measure to evaluate movement disorders. The aim of the present study is to present a set of kinematic metrics for quantifying characteristics of movement performance and the functional status of the subject during the execution of the activity of daily living (ADL) of drinking from a glass. Then, the objective is to apply these metrics in healthy people and a population with cervical spinal cord injury (SCI), and to analyze the metrics ability to discriminate between healthy and pathologic people. 19 people participated in the study: 7 subjects with metameric level C6 tetraplegia, 4 subjects with metameric level C7 tetraplegia and 8 healthy subjects. The movement was recorded with a photogrammetry system. The ADL of drinking was divided into a series of clearly identifiable phases to facilitate analysis. Metrics describing the time of the reaching phase, the range of motion of the joints analyzed, and characteristics of movement performance such as the efficiency, accuracy and smoothness of the distal segment and inter-joint coordination were obtained. The performance of the drinking task was more variable in people with SCI compared to the control group in relation to the metrics measured. Reaching time was longer in SCI groups. The proposed metrics showed capability to discriminate between healthy and pathologic people. Relative deficits in efficiency were larger in SCI people than in controls. These metrics can provide useful information in a clinical setting about the quality of the movement performed by healthy and SCI people during functional activities.
I. INTRODUCTION
The upper limb function is affected in more than 50% of spinal cord injuries [1] .
Impairment and disability in clinical settings is generally assessed by ordinal scales such as the Fugl-Meyer Assessment, Frenchay Arm Test, Motor Assessment Scale, Box and Block Test, and the Nine-Hole Peg Test [2] , but they may not be sensitive to small and more specific changes [3] . It's important that measures have the ability to detect a minimal clinically important change in subjects. At the same time, the measures must have the ability to give consistent responses on repeated assessments in the absence of change in the characteristic being studied [4] . Moreover, the use of these scales is not exempt from a degree of subjectivity. So more objective assessment methods are needed to evaluate and describe the upper limb function in detail.
On the other hand kinematic movement analysis can provide more specific information about movement component and strategies, although this requires special equipment. Kinematics describes movements of the body through space and time without reference to the forces involved [5] . It's of special importance to translate data from kinematic analysis in terms of objective metrics with a useful sense and easily understood in a clinical setting. These metrics can synthetize the main aspects of the movement that directly relate with functional ability.
The aim of this study is to present a set of objective metrics for the functional upper limb evaluation and for the measure characteristics of quality movement during functional activities. Then these metrics are applied to a population of healthy and cervical SCI people during the ADL of drinking from a glass. The last objective is to analyze the ability of these metrics as discriminative measures between healthy people and people with SCI.
II. MATERIALS AND METHODS

A. Population
Nineteen subjects participated in this study and were separated into three groups: a control group (CG) with 8 subjects; 7 people with C6 tetraplegia (C6 group) and 4 people with C7 tetraplegia (C7 group). The demographic and anthropometric characteristics are shown in Table 1 . In the case of subjects with C6 or C7 tetraplegia, the etiology of the injury was trauma in every case. The patients screened had to fulfill the following criteria to be included in the study: age 16 to 65 years, injury of at least 6 months' duration and level of injury C6 or C7 classified according to the American Spinal Cord Injury Association (ASIA) [6] scales into grades A or B. The subjects were classified into C6 or C7 tetraplegia by a physical examination. The upper limb Motor Index was obtained [6] . All patients signed an informed consent form before the study. The guidelines of the declaration of Helsinki were followed in every case and the study design was approved by the local ethics committee.
B. Experimental Set-Up and Data Processing
Three-dimensional movement capture was recorded with the photogrammetry equipment CodaMotion (Charnwood Dynamics, Ltd, UK) following the protocol in an earlier study [7] .
All the subjects were right handed and performed the movement of the ADL of drinking with the right arm at a self-selected speed. Subjects with C6 or C7 tetraplegia sat in their own wheelchairs and the controls sat in a conventional wheelchair. The movement was performed in front of a table, from a standardized position. The complete experimental protocol was included in a previous study, in which the consistency and repeatability of the experimental setup was assessed. The recordings were processed with Visual 3D software (C-Motion, Inc., USA) [7] .
The ADL of drinking from a glass was divided into a series of clearly identifiable phases to facilitate analysis. We used phases and events delimiting the phases that have been described previously: reaching, forward transport, drinking, back transport and return [7] .
C. Kinematic Metrics Definition
A set of objective kinematic metrics was defined from experimental data preprocessed with VisuaBD software. These metrics were separated into two groups and all of them were calculated in Matlab software:
a) Metrics in Relation to Spatio-temporal Variables from Preprocessed Data with VisuaBD:
Reaching time (T-R"^h mz ): duration of the reaching phase normalized by the duration of the complete cycle (Tcycle) expressed in percentage.
Range of motion (ROM):
this metric is defined as the sum of the ROM in degrees for each of the six degrees of freedom (DoF), normalized by the sum of the total biologically allowed ROM for each DoF analyzed [8] . So the metric is obtained dimensionless expressed as a percentage. The ROM is defined here as the difference between the maximum and minimum angles recorded by a given joint over the course of the drinking task.
) Metrics for the Evaluation of Functional Abilities and Skills of the Upper Limb
These parameters are defined from the kinematic of the distal segment, the hand, and they are measurements of the quality of the movement performed by the three groups of people. These metrics are:
Efficiency (E): the movement efficiency is obtained by computing the path length (L path ) of the trajectory traveled by the subject to reach the target (in this study the glass used to perform the ADL of drinking from a glass) [9, 10] . This parameter is obtained by summing the distances between two consecutive points of the subject's path; then, it's normalized to the straight line distance between the starting point of the task and the target (d s i). A ratio between L path and d s i of 1 represents a direct movement to the target (ideal), and a reach path ratio slightly higher than 1 represents a healthy movement but a value proximal to 2 an abnormally curved movement. This ratio is calculated during the reaching phase of the task, and it is a measure of the error of movement efficiency, so a transformation function has been applied with the aim of higher values (maximum 100) correspond to a more efficient movement (equation 3).
E = 130 -30 * (^p-) (3)
Accuracy (A): this metric is assessed by measuring the mean absolute value of the distance (d mean ) of each point of the path from the theoncal path (the straight line between initial point and the target) [9] and the maximal distance (d max ). This result is inverted with the aim of higher values correspond to more accuracy movements.
Smoothness (S): is defined from the number of peaks in the hand speed profile during the reaching and proximal transport phases [5] . To avoid signal noise effects, the time between two subsequent peaks had to be at least 150 milliseconds. Fewer peaks in speed represent fewer periods of acceleration and deceleration, making a smoother movement. For that reason, the smoothness metric has been defined as the inverse of speed peaks number (equation 5), so higher values of smoothness metric correspond to smoother movements and a better functional state.
S = 20 -npeaks (5)
Coordination (C): the inter-joint coordination between the shoulder and elbow joint angles for the flexionextension movement was characterized quantitatively by means of the Pearson correlation index [7] , as expressed the following equation. This metric is obtained from covariance matrix and marginal deviations between both variables analyzed (Equation 6). A correlation index closer to 1.0 indicates stronger correlation and indicates that the joint motion of the 2 joints is tightly coupled. Then, this value is multiplied by a 100 factor for obtaining a coordination value between 0 and 100 points.
D. Statistical Analysis
A descriptive analysis with SPSS for Windows (version 12.0) was made of the clinical and functional variables ( Table 1 ). The Kruskal-Wallis test was used to find possible differences in each metric between the three groups analyzed. The Bonferroni correction was applied, which takes into account randomness due to multiple comparisons.
The repeatability of the protocol was evaluated in an earlier study [7] .
III. RESULTS
There were no significant differences in demographic variables between participants with SCI and healthy people. The most relevant results are shown in Table 2 .
The range of motion (ROM), expressed as percentage, is obtained by summing the ROM of each joint analyzed and then normalized by the total theoretically allowed.
In relation to the movement time, people with C6 tetraplegia had slower movement times than healthy people in reaching phase normalized by the duration of the complete cycle (pO.01). Table 2 Median and interquartile range of the metrics for the three groups analyzed. The metrics efficiency and accuracy were calculated from the hand path during the reaching phase within the ADL of drinking from a glass. The movement was accurate in C7 group as in the healthy people, but less efficient (p<0.01). The movement was less accurate (p<0.05) and efficient (pO.01) in C6 group that in the controls (Figure 1 ) ( Table 2) . Smoothness was obtained during the reaching and during the transport of the glass toward the mouth, so the minimum number of peaks in velocity profile is 2. Then the result of the three metrics is inverted for expressing it, as a greater value correspond to a better functional state. Statistically significant differences were found between healthy and C6 subjects for the metric efficiency and smoothness (p<0.01), and for the metric accuracy (p<0.05).
METRICS
In relation to the inter-joint coordination, no statistically significant differences were found (Table 2 ).
In the C6 group, there was a great variability in the measured results for the efficiency (Figure 1 ) and coordination metrics (Table 2 ).
IV. DISCUSSION
The metrics proposed can synthetize the main aspects of the movement that directly relate with functional capability. The main definition of the most of the metrics proposed in this study can be found in literature [9, 10] . The inverse functions have been developed within this study with the aim of obtaining the results according to functional clinical tests.
It is worth noting that these parameters may provide useful information related to the quantitative data we can obtain, in situations in which, despite a high value of movement accuracy, the subject performs a longer path with the hand toward the target, and the consequence is a less efficient movement. The smoothness, efficiency and range of movement showed the strongest ability to discriminate movement quality between healthy and SCI people. This is confirmed, for smoothness metric, by Murphy et al. in a study in stroke people [5] . In this study, we calculated speed peaks during reaching and forward transport phases within the ADL of drinking because these two phases correspond to two different constraints of a purposeful movement.
The reaching phase, including grasping, it's the movement phase of the ADL of drinking from a glass with greater contribution to the total movement time [5, 7] .
On the other hand, kinematic analyses are increasingly being used in clinical research as evaluative measures [5] . It's necessary additional assessment to investigate the relation between kinematics and clinical scales. Moreover it is important to take into account that the analysis of a purposeful daily activity increases the validity of the study.
V. CONCLUSIONS
In the present study, the metrics proposed were applied to a population with SCI people, and their ability to discriminate between healthy and SCI people, has been shown.
For further studies the sample analyzed will be greater and the metrics will be applied to other neurological pathologies such as stroke, where the discriminative ability within this pathology will be investigated.
